There exist several problems in the control of vehicle brake including the development of control logic for anti-lock braking system (ABS), base-braking and intelligent braking. Here we study the intelligent braking control where we seek to develop a controller that can ensure that the braking torque commended by the driver will be achieved. In particular, we develop, a new PID Fuzzy controller (PIDFC) based on parallel operation of PI Fuzzy and PD Fuzzy control. Two fuzzy rule bases are constructed by separating the linguistic control rule for PID Fuzzy control into two parts: The first part is e-∆e and the second part is ∆ 2 e-∆e respectively. Then two Fuzzy controls employing these rules bases individually are synthesized and run in parallel. The incremental control input is determined by taking weighted mean of the outputs of two Fuzzy controls. The result, which proves the merit of the proposed method are compared to those found in the previous research.
Introduction
Conventional PID controllers have been well developed and applied for about a half century (1) and extensively used for industrial automation and process control today. The main reason is due to their simplicity of operation, ease of design, inexpensive maintenance, low cost, and effectiveness for most linear systems. Recently, motivated by the rapid development advanced in microelectronics and digital process, conventional PID controllers have gone through a technical evolution from pneumatic controllers via analog electronics to microprocessor via digital circuits (2) . However, it has been known that conventional PID controllers generally do not work well for nonlinear system, high order and timedelay linear systems, and particular complex and vague systems that have no precise mathematical models. To overcome these difficulties, various types of modified conventional PID controllers such as auto-tuning and adaptive PID controllers were developed lately (2) - (4) . Also a class of non-conventional type of PID controller employing fuzzy logic has been proposed (5) . Since most of fuzzy controller adopts the linguistic control rules bases to the output error e and the incremental change of output error, they have a similarity to conventional PID controllers. But there exists an important difference between them. The conventional PID controller generates the control action linearly to these variables. On the other hand, fuzzy controller determines the control action nonlinearly related to these variables due to the fuzzy rule base and inference mechanism. Therefore it is suitable for the brake control as it can give better performance of wheels lock. The vehicle brake is classified as a safety system and should be controlled accordingly. The control should provide a full wheels lock performance in order to optimize the vehicle stopping whilst maintaining the electrical and diagnostic interfaces. The development of the brake control that can meet the vehicle requirement is a very difficult challenge, but several conventional nonlinear control approaches have been proposed in the open literature (6) , and even one intelligent control approach has been investigated (7) . But certain variables and uncertainties associated with the environment's road condition, changing from wet asphalt to ice makes the proposed control a difficult problem. In July 26 th , 1996 an Intelligent control for brake system, has been investigated by William Lennon and Kevin Passino at Ohio University Columbus using a fuzzy model reference learning controller (FMRLC), and a genetic model reference adaptive control (GMRAC) (8) . This control was considered to be as a first step toward an intelligent brake control. But the simulation result of the proposed method shows that, when stepping on the brake pedal, it does not responds well in the first 7 seconds because the (FMRLC) and (GMRAC) firstly learn the braking process and become more successful in the remaining seconds starting from 8 seconds. In addition to these methods listed above several nonlinear control approaches, such as lead-lag controller, model reference adaptive control techniques (MRAC) have been also proposed as well one Proportional-IntegralDerivative (PID) (9) . This method was very successful in offline tuning (i.e., open-loop tuning) of a PID brake controller. Its only drawback is that it does not provide for continuous adaptation as the temperature changes. In this paper we present a new PID Fuzzy control based on parallel operation of PI Fuzzy and PD Fuzzy controller for brake control system of the EV. The resulting controller is executed by fuzzy rule base. In our method instead of finding the linguistic control rules in which e, ∆e and ∆ 2 e are simultaneously taken into consideration, a fuzzy base are constructed by separating the linguistic into two parts: The first part is e-∆e corresponding to PI control and the second part is ∆ 2 e-∆e corresponding to PD control. And then two fuzzy controls employing these rule bases individually are synthesized and run in parallel. The incremental control input ∆u is determined by taking weighted mean output of PIFC and PDFC. A satisfactory result has been obtained and compared with those found in the previous research.
Brake System Description
The braking system is the most important system in all vehicles and if the brake fails, the result can be disastrous. Brakes are actually energy conversion devices, which convert the kinetic energy (momentum) of the vehicle into thermal energy. When we step on the brakes, we command a stopping force that exerts thousands of pounds of pressure on each of the four wheels. Our electric vehicle braking system is composed of the following components: Disc brake in front wheel, drum brake in rear wheel, caliper, master cylinder, brake lines and brake hoses, slave cylinders, shoes and pads respectively. The "master cylinder" which is located under the hood, and is directly connected to the brake pedal, converts the foot's mechanical pressure into hydraulic pressure. The Steel "brake lines" and flexible "brake hoses" connect the master cylinder to the "slave cylinders" located at each wheel. The "shoes" and "pads" are pushed by the slave cylinders to contact the "drums" and "rotors" thus causing drag, which by then stop the car.
Disc brake, Drum brake and Caliper
In the disc brakes of the EV the wheel cylinder is built into the caliper and the disc use a clamping action to produce friction between the "rotor" and the "pads" mounted in the "caliper" attached to the suspension members. All wheel cylinders have bleeder valves to allow the system to be purged of air bubbles. As the brake pedal is depressed, it moves pistons within the master cylinder, pressurizing the brake fluid in the brake lines and slave cylinders at each wheel. The fluid pressure causes the wheel cylinders' pistons to move, which forces the shoes or pads against the brake drums or rotors. Drum brakes use return springs to pull the pistons back away from the drum when the pressure is released. Inside the calipers, there are two opposing pistons faced with a pad of lining material as shown in Fig. 1 . When force is applied, pistons are pressed against the pads due to pressure generated in the master cylinder. The pads then rub against the rotor; slowing the vehicle. The caliper works like a C-clamp to pinch the pads onto the rotor. It straddles the rotor and contains the hydraulic "slave cylinder" or "wheel cylinder" piston (s). One caliper is mounted to the suspension members on each wheel. The caliper is particularly mounted onto the spindle, allowing it to deliver the torsional force of the wheel to the chassis via the control arms. Brake hoses connect the caliper to the brake lines leading to the master cylinder. The disc brake allows the caliper to move from side to side slightly when the brakes are applied and offer higher performance braking, simpler design, lighter weight, and better resistance to water interference. The brake drum of the rear wheels is a heavy flat-topped cylinder, which is sandwiched between the wheel rim and the wheel hub. The inside surface of the drum is acted upon by the linings of the brake shoes. When the brakes are applied, the brake shoes are forced into contact with the inside surface of the brake drums to slow the rotation of the wheels. They are covered with fins on their outer surfaces to increase cooling.
Basic Braking Dynamic Equation
The braked system must be analysed to throw light on its braking requirements. Analysis requires knowledge of the system total energy, which composed of kinetic, gravitational, front rear wheel brake force and braking force require to bring the vehicle to a stop. During deceleration, the system is subjected to the essentially constant torque T exerted by the brake, and in the usual situation this constancyimplies constant deceleration too. Elementary equation of constantrotational deceleration apply, when the brake drum is brought to restfrom an initial speed ω 0 is:
where ω m is the mean drum speed over the deceleration period. The equation of angular motion of the wheel about its center of gravity 0 is:
and if we neglect the wheel inertia I we obtained
under all conditions. The vehicle deceleration force F and the braking torque T are plotted against actuation P 0 . In the absence of wheel lock, the torque increases in proportion to actuation, until a limit dictated by a relief valve is reached. This condition limit is shown at the point B in Fig. 2 . During this period of brake application, wheel rotation occurs and the decelerating force F also is proportional to P 0 via equation (4). If a sufficiently small value of either K or N should occur then the adhesion limit is reached at point C, below the actuation limit. The torque produced by the brake is also limited since the wheel is locked and does not rotate. The braking force, F is Design of PID Fuzzy Control for Brake Based on PI Fuzzy and PD Fuzzy Fig. 2 . The vehicle stability analysis generated in the mass main by the rear wheels and its moment about the mass center tends to correct any yaw, leading to stable braking and hence
PID Fuzzy Control Construction
PID controller, as well known generates the control input as a linear combination of output error; a component reflecting present status output error. Its Derivative; a component reflecting future trend of output error, and its Integral; a component reflecting past history of output error. The PID control law well known is defined as follows.
Discretizing Equation (6) by first order approximation of derivative and integral terms in consideration of sampling time Ts, the velocity model of PID control law is obtained
As can be seen in Eq. (7), conventional PID control law determines ∆u linearly with respect to e, ∆e, and∆ 2 e. Instead of mathematical control rule as in Eq. (6), we used a set of linguistic control rules expressed as IF. . . ..THEN statement in fuzzy controller. The fuzzy controller determines ∆u nonlinearly with respect to e, ∆e, and ∆ 2 e due to the fuzzy rule base and inference mechanism. In general the fuzzy rule base of PIDFC consists of the following linguistic control rules.
IF e is A and ∆e is B and
From the viewpoint of linguistic construction, it is very difficult to construct the linguistic control law like Eq. (8) above in which e, ∆e, and ∆ 2 e are simultaneously taken into consideration. So to overcome this situation, we separate the linguistic control rule (8) into two parts: One is "IF e is A and ∆e is B, THEN ∆u is C" and the second is "IF ∆ 2 e is D and ∆e is E, THEN ∆u is F" Since from Eq. (7) and Eq. (8), we know that e, ∆e and ∆ 2 e in velocity model control law correspond to Integral, Proportional and Derivative term respectively. We can interpret Positive Medium (PM) Zero (ZE) The following represents one example of the rule. "IF e is ZE and ∆e is NM, THEN ∆u is NS" "IF −∆ 2 e is ZE and ∆e is NM, THEN ∆u is NS" "IF e is NS and ∆e is NS, THEN ∆u is NS" A fuzzy subset µ A is characterized by its membership functions µ A (.). The membership functions of fuzzy variable e, ∆e and ∆ 2 e with respect to the linguistic variable in Table 1 , are shown in Fig. 4 These membership functions have the following property.
Using the membership function in Fig. 4 , there are at least four linguistic control rules; R i, j , R i+1, j , R i, j+1 , R i+1, j+1 , which contribute to the output of FC at any time. From the rule base in Table 1 , the inference engine produces fuzzy value of ∆u and then crisp numerical value of ∆u is obtained via defuzzification procedure. Reviewing the previous paper, most popular method on defuzzification and inference is Madani's Max-min composition-with center of gravity (COG) method. But it is somehow complex to implement from the viewpoint of computation. So we have taken the simplified method as the inference and deffuzzification of reference (10) . In this simplified method crisp value of the output of fuzzy control is computed by.
Where λ i, j is the firing level of i, j-th rule, ∆u i, j (k) is the center point of the output subset of the i, j-th rule as shown in Fig. 4 . The firing level of i, j-th rule λ i, j is taken as
If the minimum operator is chosen as Λ operator, λ i, j becomes
And if the product operator is chosen as ∧ operator, then λ i, j becomes.
Now we can consider that the membership function in i, j-th rule R i, j be
it is verified from Eq. (4) and Eq. (7) that the firing level of our four rules R i, j , R i+1, j , R i, j+1 and R i+1, j+1 become
Determination of ∆u by Weighted Mean
When PIFC and PDFC produce the values of control inputs, individually, the control input to the process must be determined from them. We know that in general, PD control increases the damping of the process and decreases the overshoot of its response. On the other hand, PI control improves the steady state error of the process, but has some disadvantage in the response speed. When we see in Table 1 .
The control rules below a diagonal R i j , j ≥ −i + 8 play a role of acceleration, because ∆u is positive, while those above the diagonal function as deceleration, since ∆u is negative. So the output of the PIFC ∆u PI is heavily weighted in case of acceleration (the pressure applied to the brake pads) and lightly weight in case of deceleration (brake release), that is the more positive ∆u PI is, a larger weight it has, and the more negative is a smaller weight is ha. The PIDFC ∆u is determined as follows.
Where n and m are the number of control laws in the determination of ∆u PI and ∆u PD respectively. Fig. 5 shows the diagram of the brake control system. The input to the system denoted by r(kT ) is the braking torque requested by the driver. The output y(kT ) is the output of a torque sensor, which is directly, measured the torque applied to the brake.
Application to the Process

Brake Database Control
The signal e(kT ) represents the error between the reference input and output torques, which is used by the controller to create the input to the brake system u(kT ). A sampling time interval of T=0.005 s was used during the test. The MAT-SUDA MD motor for brake system used in this research is physically limited to processing a signal between [0, +24 V] while the braking torque can range from 0 to 1500 ft-lb. For this reason and other hardware specific reasons (5) , the input torque is attenuated by a factor 1000, and the output is multiplied by the same factor. After u(kT ) is multiplied by 1000 it is passed through a saturation non-linearity where if 1000u(kT ) < 0 V, the brake system receives a zero input and if 1000u(kT ) > 24 V, then the input is 24 V. The output of the brake system that passes through a similar nonlinearity is saturated at zero and 1500 ft-lb. The output of this nonlinearity, which passes through F (y), is defined as follows.
The function F(y) was experimentally determined and represents the relationship between the brake fluid pressure and the stopping force on the car. Next, F(y) is multiplied by the specific torque St. This signal is passed through an experimentally determined model of the torque sensor; the signal is scaled and y(kT ) is output. The specific torque St in the braking process reflects the variation in the stopping force of the brake pads as the brake pads increases. The stopping force applied to the wheels is function of the pressure applied to the pads and the coefficient of the friction between the brake pads and the wheels rotors.
As the brake pads and rotor increases, the coefficient of friction between the brake pads and rotors increases. As a result, less pressure on the brake pads is required for the same amount of braking force. The specific torque of this brake system has been found experimentally to lie between two limiting values so that 0.68 ≤ S t ≤ 2.78
PIDFC Application to the Brake
This section explains how the e, ∆e and ∆ 2 e of the PIDFC determined in the previous section has been used in this research. The input to the fuzzy controller as we have explained above is the error e(kT ) and is defined as e(kT ) = r(kT ) − y(kT ). The gains ge, g∆e, g∆ 2 e were adjusted to normalize the universe of discourse (the range of values for input or output variable) so that all positive values of the variables lie between [−1, 1]. After some test-based investigations we have chosen ge = 0.75, g∆e = 0.83 and g∆ 2 e = 0.68. The knowledge base for fuzzy controller is generated from IF-THEN control rules as we explained earlier in PIDFC construction section. A set of such rules forms the "rule base" that characterizes how to control a dynamic system. The fuzzy controller that we designed consists of two inputs with seven membership functions each, as shown in Fig. 7 . Thus, there are a total of 49 IF-THEN rules in the fuzzy controller of Fig. 6 .
There are 49 triangular output membership functions that peak at one, are symmetric, and have base width of 0.2. It is the center of the output membership function that are adjusted by the PIDFC.
Suppose that, as shown in Fig. 5 , the normalized inputs to the fuzzy controller areē(kT ) = ge(kT ) = 0.385 and c(kT ) = g∆e(kT ) = −0.751. Let us used the linguistic description "error" forē(kT ) "change" in error forc(kT ) and the "output" forū(kT ). Therefore, in the example shown in Fig. 7 .
The certainty that "error is positive-small" is 0.647 and the certainty that "error is positive-medium" is 0.235. Likewise the statement change in "error is negative-medium" has a certainty of 0.850 and "change in error is negative-small" has a certainty of 0.128. All other values have certainties of zero. Of the 49 rules in fuzzy controller only four have premises with certainties greater than zero and they are as follows.
If error is positive-small and change-in error is negative small Then output is consequence
If error is positive-small and change-in error is negative medium Then output is consequence
If error is positive-medium and change-in error is negative small Then output is consequence
If error is positive-medium and change-in error is negative-medium Then output is consequence 2, 3 Here the consequence i, j is the linguistic value associated with the medium output membership function of the rule. The membership function of the fuzzy corresponding to each consequence i, j is determined by taking the minimum of the certainty of the premise with the membership function associated with the consequence i, j. The implied fuzzy sets are shown in the shaded regions in Fig. 7 . The output of the Fuzzy controller u(kT ) is computed via the center of gravity (COG) defuzzification algorithm, as shown in Fig. 7 . For the COG the certainty of each rule premise is calculated and the triangle with a height equal to the certainty is shaded. The COG of the shaded regions is calculated and that is the output of the fuzzy controllerū(kT ). In the PIDFC, typically the center of the output membership function of each rule is initialized to zero when the test is first started. This is done to signify that the direct fuzzy controller initially has no-knowledge of how to control the brake system, but of course it does have some knowledge since we have specified everything else in the fuzzy controller except for the output membership function centers.
Experimental Results
The experimental results of the PIDFC controller are shown in Fig. 8 and Fig. 9 , where it clearly reveals that the PID fuzzy controller control the brake without any oscillations or steady error. This algorithm has been implemented in a real electric vehicle mark MINI-Sway provided by Daihatsu Company a Japanese automaker, whose specifications are given in Table 2 , and not a result of a computer simulation.
When the software is first run, the PID Fuzzy very quickly within few seconds creates the inference rules that effectively control the brake starting at point 1, which is the starting point of the braking. Then more successfully performed in the remaining of second up to point 3 as shown in Fig. 8(a) , with a maximum pulse count of 1000 recorded from encoder connected to the brake motor. This pulse indicates that the brake is fully pressed down. At this stage the wheels are locked and slip on the ground. The braking force, F is thus generated in the main by the rear wheels and its moment about the mass center tends to correct any yaw, leading to stable braking.
In Fig. 8(b) , when we hit the brake once more, from point 3 the PID Fuzzy controller creates again the inference rules that send a signal to the brake. This signal is passed particularly through a brake sensor, which release the force applied previously to the brake pads, by then acts on the coefficient of friction between pads and wheel rotor. Hence brake release. This good control performance of the brake can be explained by the fact that the output of the PIDFC is heavily weight in case of Fig. 8(a) and plays the role of acceleration and slightly weight in case of Fig. 8(b) , which functions as deceleration. It is important to note that during the brake release process the center of fuzzy corresponding toē(kT ) is 0 (ē(kT ) = 0) Fig. 9 . Change in dynamic brake Table 2 . Electric Vehicle specifications Note that the inference engine in our PID FC design is the core of the fuzzy controller, which handle the way in which rules are combined, representing the knowledge base of the system. In Fig. 8(c) the simultaneous ON/OFF (i.e. ON correspond to press the brake down OFF is to release it) is presented.
To check the effectiveness of the controller we continued the test, as the test continue, and the dynamic of the brake change, the specific torque St increase, and the coefficient of friction between the brake pads and rotors increases, the controller presents some change in its behavior. The result of this change is output in Fig.9 , which gives an output error of −54 pulses.
To correct this error, the input of the fuzzy to the brake was modified as well as the gains so the PIDFC tunes the rules of fuzzy controller and adequately compensate for the change in the brake dynamic, then the control process of the brake return to the normal with a little variation on the pulses values (1550) as shown in Fig. 10 when compared to others, and even the form of the curve is a little different, almost straight. This shows that the increase of the input and gains gives more pressure to the brake pads.
Comparison with the Previous Research
As a base-line comparison for the control method used in this paper, the result of conventional lead-lag controller is used. This controller was chosen because it was the best conventional controller of the previous research (4) developed for brake in simulation. The lead lag controller is defined as follows.
This conventional controller performs adequately at first, but as the dynamic brake changes and the specific torque increases the controller induces a large overshoot at the beginning of each ramp-step in the simulation. The conventional controller does not compensate for increase of the specific torque of the brake and hence overshoot the reference input when reference input is small. But our PIDFC controller compensates for the increase in specific torque as well as for any change in brake dynamic. The conventional method was designed for cold brakes (temperature concern). If it were design for hot brake it would perform better, but then it would not perform as well for cold brakes. Cleary, there is a need for PIDFC, which the influence of the temperature does not have any effect on it. Some other past researchers have investigated certain adaptive controller method. First a gradient-based model reference adaptive controller was studied (9) . This controller performed worse than the controller shown in this paper, it had a much poorer response transient and the time response was 10 times than the time response of the method in this paper. In [5] the authors also investigated the use of Proportional-Integral-derivative (PID) autotuner. This method was very successful in the off-line tuning (i.e. open-loop) of a PID brake controller. Its only drawback is that it does not provide for continuous adaptations as the temperature changes. Using such controller for brake control of a real vehicle, can lead to a considerable problem in some countries where the temperature in winter is below freezing (−50 degree in Russia for example) and Chad, Niger, Nigeria (North and Central of Africa) where the temperature can reach 54 degrees in summer. With PIDF Controller none of these two temperatures will have effect on the operation of the brake.
Conclusion
A PIDF Controller has been proposed in this paper. The conventional PID controller has been discretizing by first order approximation of derivative and integral term in consid-eration of sampling time Ts. Then the control law has been found and a fuzzy controller has been used for brake control process. This proposed method compensate for the increase in specific torque as well as any change in brake dynamics. It can also resist to the influence of a temperature. In this proposed method the conventional PID control does not conserve its characteristics as the resulting controller has been executed by fuzzy rule base.
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